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Although transcranial magnetic stimulation (TMS) activates a number of different neuron
types in the cortex, the final output elicited in corticospinal neurones is surprisingly
stereotyped. A single TMS pulse evokes a series of descending corticospinal volleys that
are separated from each other by about 1.5ms (i.e., ∼670Hz). This evoked descending
corticospinal activity can be directly recorded by an epidural electrode placed over the
high cervical cord. The earliest wave is thought to originate from the direct activation of
the axons of fast-conducting pyramidal tract neurones (PTN) and is therefore termed “D”
wave. The later waves are thought to originate from indirect, trans-synaptic activation of
PTNs and are termed “I” waves. The anatomical and computational characteristics of a
canonical microcircuit model of cerebral cortex composed of layer II and III and layer V
excitatory pyramidal cells, inhibitory interneurons, and cortico-cortical and thalamo-cortical
inputs can account for the main characteristics of the corticospinal activity evoked by
TMS including its regular and rhythmic nature, the stimulus intensity-dependence and
its pharmacological modulation. In this review we summarize present knowledge of the
physiological basis of the effects of TMS of the human motor cortex describing possible
interactions between TMS and simple canonical microcircuits of neocortex. According to
the canonical model, a TMS pulse induces strong depolarization of the excitatory cells in
the superficial layers of the circuit. This leads to highly synchronized recruitment of clusters
of excitatory neurons, including layer V PTNs, and of inhibitory interneurons producing a
high frequency (∼670Hz) repetitive discharge of the corticospinal axons. The role of the
inhibitory circuits is crucial to entrain the firing of the excitatory networks to produce a
high-frequency discharge and to control the number and magnitude of evoked excitatory
discharge in layer V PTNs. In summary, simple canonical microcircuits of neocortex can
explain activation of corticospinal neurons in human motor cortex by TMS.
Keywords: transcranial magnetic stimulation, motor cortex, pyramidal neuron, GABAergic neuron, corticospinal
tract
INTRODUCTION
Transcranial magnetic stimulation (TMS) and transcranial elec-
trical stimulation (TES) can activate the human brain through
the intact scalp (Merton and Morton, 1980; Barker et al., 1985).
The effects induced by TMS or TES can be measured as motor
evoked potentials (MEPs) by electromyography and/or as TMS-
evoked EEG potentials (TEPs) by electroencephalography (EEG)
(Ilmoniemi et al., 1997). However, we still have limited informa-
tion about which neurones are activated by TMS and about the
mechanisms of interaction of TMS effects with ongoing neuronal
activity in cortical circuits. One way of assessing the effects of
TMS is to directly record the synaptic activity evoked by stimu-
lation of those cortical areas that produce a measureable readout,
such as the primarymotor cortex (M1). This was done first in cats
and monkeys (Adrian and Moruzzi, 1939; Patton and Amassian,
1954) and more recently in conscious humans (Boyd et al., 1986).
Cumulatively, these studies showed that the output produced by
M1 stimulation is surprisingly stereotyped both in animals and in
humans.
ANIMAL STUDIES
Direct recording from the pyramidal tract in cats and non-
human primates with an electrode placed in the medullary pyra-
mid or on the dorsolateral surface of the cervical spinal cord
showed in response to a single electrical stimulus applied to
M1 a series of high-frequency descending waves (Adrian and
Moruzzi, 1939; Patton and Amassian, 1954; Kernell and Chien-
Ping, 1967; Amassian et al., 1987). The earliest wave that per-
sisted after cortical depression and even after cortical ablation
was thought to originate from the direct excitation of the axons
of fast-conducting pyramidal tract neurones (PTN) and was
therefore termed “D” wave. The later waves evoked by cortical
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stimulation required the integrity of the cortical gray matter, and
were thought to originate from indirect, trans-synaptic activa-
tion of PTNs and were therefore termed “I” waves (Patton and
Amassian, 1954). Recordings from individual PTN axons showed
that both a D and subsequent I wave discharge can be elicited in
a given corticospinal axon (Kernell and Chien-Ping, 1967). Since
the intervals between subsequent these discharges are in the range
of 1.5ms, this means that corticospinal cells are capable of firing
at rates of ∼670Hz.
HUMAN STUDIES
More recently, direct recording of the activity evoked by transcra-
nial stimulation was performed in humans. The initial studies
were performed in anaesthetized patients during surgery (Boyd
et al., 1986; Berardelli et al., 1990; Thompson et al., 1991; Burke
et al., 1993). These studies showed that both TES and TMS
could evoke a series of waves traveling down the corticospinal
tract. However, the level of anaesthesia had pronounced depres-
sant effects on the recruitment of descending waves, impeding
a characterization of the physiology of the M1 output elicited
by transcranial stimulation. A few years later, Kaneko and col-
leagues (1996) and Nakamura and co-workers (1996) recorded
for the first time the descending volleys evoked by transcranial
stimulation in conscious human subjects from epidural elec-
trodes implanted chronically in the spinal cord for the relief of
pain. From 1998 onwards, Di Lazzaro and co-workers have per-
formed an extensive series of studies using the same approach
(see Di Lazzaro et al., 2012 for a review). These studies showed
that the threshold for the activation of the different components
of the descending volley is substantially different (Di Lazzaro
et al., 2012). Around MEP threshold intensity, TES evokes a short
latency wave that is not modifiable in amplitude or latency by
changes in motor cortical excitability (such as voluntary con-
traction) and is believed to originate from direct excitation of
corticospinal axons in the subcortical white matter at some dis-
tance from the cell body (Di Lazzaro et al., 1998a, 1999b). At
low intensity, TMS using a focal figure-of-eight stimulating coil
and a monophasic posterior to anterior (PA) induced current in
the brain evokes a single descending wave with a latency about
1ms longer than the D-wave, that is thought to originate from the
activation of monosynaptic cortico-cortical connections project-
ing onto corticospinal neurones (Di Lazzaro et al., 1998a,b). This
descending wave produced by indirect trans-synaptic activation
of PTNs has been termed I1 wave. At higher stimulus intensities
later volleys appear: these are termed late I-waves and are thought
to originate from repetitive discharge of PTNs through reverber-
ating activation in a microcircuit of highly connected excitatory
cells (Di Lazzaro et al., 2012). A further increase of TMS inten-
sity leads to a direct excitation of the PTN axons resulting in a
D-wave (Di Lazzaro et al., 1998a). When the orientation of the
figure-of-eight coil is changed, so that monophasic currents in
the brain are induced in a lateral to medial (LM) direction, TMS
recruits a D-wave even at MEP threshold intensity (Di Lazzaro
et al., 1998a).
When the direction of the stimulating current is reversed from
PA to an anterior-posterior (AP) direction, the descending vol-
leys have slightly different peak latencies and/or longer duration
than those induced by PA stimulation, and the order of recruit-
ment of the descending corticospinal waves may change with late
I-waves already evoked at TMS intensity close to MEP thresh-
old (Di Lazzaro et al., 2001). These findings provide evidence
that PA, AP, and LM TMS activate different populations of cor-
tical neurones/axons in the motor cortical circuitry, or the same
populations but at different sites.
CORTICAL NETWORKS ACTIVATED BY SINGLE PULSE TMS
The circuit generating the I1 wave and that generating the late I-
waves show different sensitivity to several interventions. The late
I-waves but not the I1 wave are (1) depressed by enhancement of
neurotransmission through the inhibitory gamma-aminobutyric
type A receptor (GABAAR) by benzodiazepines (Di Lazzaro et al.,
2000); (2) depressed by paired-pulse TMS protocols testing intra-
cortical inhibition (Nakamura et al., 1997; Di Lazzaro et al.,
1999a, 2002a; Tokimura et al., 2000); and (3) enhanced/depressed
by various repetitive TMS protocols that induce long term
potentiation-like and long term depression-like plasticity in the
human brain (for review, Di Lazzaro et al., 2010).
Several models have been proposed to explain the origin and
nature of the descending corticospinal waves evoked by TMS in
humans (Creutzfeldt et al., 1964; Amassian et al., 1987; Phillips,
1987; Day et al., 1989; Sakai et al., 1997; Ziemann and Rothwell,
2000). In 1987, Amassian and co-workers (1987) suggested that I-
waves were produced by a periodic bombardment of corticospinal
cells through chains of interneurons with fixed temporal char-
acteristics. An alternative model, firstly proposed by Creutzfeldt
et al. (1964) and further developed by Phillips (1987) and
Ziemann and Rothwell (2000), suggests that single-pulse motor
cortex stimulation produces strong and synchronized depolariza-
tion of many corticospinal cells and/or interneurons, which leads
to oscillatory activity and repetitive discharge of these cells as a
consequence of their intrinsic membrane properties. The models
above do not explain the observation that it is possible to recruit
late I-waves in isolation or to suppress late I-waves with no effect
on the I1 wave with various single and paired TMS protocols (Di
Lazzaro et al., 2008). These findings suggest that early and late
I-waves are generated through at least partially independent corti-
cal circuits. A model derived from the one proposed by Amassian
and co-workers suggests that repetitive I-wave discharge is gener-
ated by activation of independent chains of interneurons, each
responsible for generating a different I-wave (Day et al., 1989;
Sakai et al., 1997). This model would better explain the dissocia-
ble modulation of the different components of the corticospinal
volley in various TMS protocols of motor cortex stimulation.
However, this model is difficult to reconcile with the remarkably
stable interpeak interval between early and late I-waves demon-
strated both in animal and human epidural recordings, moreover,
it does not explain why, in the paired-pulse facilitation experi-
ments there is no summation of effects at intermediary intervals
between the peaks (0.5–0.9, 1.6–2.2. and 3.0–4.0ms) (Tokimura
et al., 1996; Ziemann et al., 1998). None of the above mod-
els does fully explain all of the up-to-now known properties of
the D- and I-waves. Moreover, all of these models were built on
empirical observations provided by MEP recordings and epidural
recordings of the descending corticospinal volleys but not on an
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established model of cortical circuit organization. A model incor-
porating the detailed anatomy of M1 was proposed by Esser and
co-workers (2005) who aimed at explaining the effects of TMS
on motor cortical circuits by constructing a large-scale model
including the thalamo-cortical system and a three-layered motor
cortex with more than 30,000 neurons and more than 5 million
intra- and inter-layer synaptic connections. Those authors sug-
gested that the sequence of events underlying the generation of
I-waves is best approximated as a combination of intrinsic neu-
ronal properties (model of a neural oscillator) and interactions
between circuits of inhibitory and excitatory interneurons (Esser
et al., 2005). This work is the so far most elaborated attempt to
model the occurrence of I-waves and the modeled responses to
simulated TMS pulses were consistent with the observed epidu-
ral recordings of the corticospinal volley in various single and
paired-pulse experiments, including the frequency, timing, dose
response, and pharmacological modulation of I-waves. However,
the model is complex and required a number of constraints such
as the assumption of an ad hoc refractory mechanism to explain
the frequency of I-waves.
Recently, Di Lazzaro and co-workers (2012) evaluated whether
the properties of the descending waves recorded in conscious
humans after transcranial stimulation can be explained by an
interaction of transcranial stimuli and the cortical circuits as
characterized by an established simple anatomical model. To this
end, they used the basic “canonical” microcircuit of cerebral
cortex proposed by Douglas et al. (1989) that can be applied
to all neocortex. This model includes the superficial population
of excitatory pyramidal neurons of layers II and III (P2-P3),
the large PTNs in layer V (P5), and inhibitory GABAergic cells
(Figure 1). It was proposed that this represents the minimum
architecture necessary for capturing the most essential cortical
input-output operations (Douglas et al., 1989; Shepherd, 1998).
The canonical microcircuit of neocortex has a number of impor-
tant characteristics that have been experimentally validated by
intracellular recordings in cat visual cortex (Douglas and Martin,
1991). First, activation of the cortex induces a sequence of excita-
tion and inhibition in every neuron. Second, the thalamic input
does not provide the major excitation arriving at any neuron.
Instead the intracortical excitatory connections provide most of
the excitation (Douglas et al., 1989). The lowest intensities of
anodal TES (anode over the M1 hand area, cathode over ver-
tex) recruits an early descending volley, which has a latency of
2–2.6ms when recorded from the high cervical cord (Di Lazzaro
et al., 1999b). In humans, this latency suggests direct excita-
tion of PTN axons just below the gray matter and, hence, this
wave is referred to as a D wave. In the canonical circuit model,
this wave might originate from direct excitation of P5 axons
(Figure 1).
Using a focal coil and a monophasic waveform stimulus induc-
ing a PA current across the central sulcus in the brain, the lowest
threshold volley occurs at a latency 1.0–1.4ms longer than the
volley recruited by anodal TES (Di Lazzaro et al., 1998a). The
axons of the more superficial pyramidal neurons (P2, P3) are
conceivably the most excitable neural elements to transcranial
stimulation, due to their superficial location close to the stimu-
lating coil. They also represent the main source of input to PTNs
(Anderson et al., 2010). According to the canonical microcircuit
of cerebral cortex, these neurons have a monosynaptic excitatory
connection with the large PTNs of layer V (P5) (Figure 1). Thus,
the I1 wave might originate from monosynaptic activation of the
P5 cells by direct excitation of axons of P2 and P3 cells (Figure 1).
The difference in latency between the D-wave and the I1 wave
of about 1ms is appropriate for a monosynaptic activation of P5
cells originating from presynaptic axons. The excitatory postsy-
naptic potential (EPSP) in P5 cells is followed by an inhibitory
postsynaptic potential (IPSP) after one additional synaptic delay
because the connection between superficial excitatory neurons
and P5 cells is disynaptic as it involves the relay via an inhibitory
interneuron (Figure 1). Thus, the monosynaptic EPSP leading to
the I1-wave is not influenced by the later arriving TMS-induced
inhibitory GABAAergic input.
The I1 wave increases in size, and is followed by later volleys
as the intensity of stimulation increases. The interpeak interval
between I-waves is about 1.5ms, which indicates a discharge fre-
quency of about 670Hz. According to the canonical microcircuit,
the P5 cells have excitatory monosynaptic reciprocal connections
with layer 2 and 3 pyramidal neurons and interneurons. Thus,
these cells are activated after P5 discharge and they will in turn
re-activate the P5 cells (Figure 1). The mean transmission delay
between layer 2–3 neurons and layer 5 pyramidal neurons is about
1.5ms. With a synaptic delay of 1.5ms, computational models
of networks of highly connected excitatory and inhibitory neu-
rones predict a peak of activity of 667Hz (Douglas et al., 1989)
that corresponds to the I-wave frequency. This high frequency
activity might be produced by the recruitment of fully synchro-
nized clusters of excitatory and inhibitory neurones (Douglas
et al., 1989). The interpeak latency of the I-wave discharge is too
short to be explained by the refractory period of excitatory and
inhibitory interneurons (Brunel and Wang, 2003). However, it
should be considered that single-cell discharge rates are typically
much lower than those of neuronal networks. Computational
models of spiking neurons have shown that single pyramidal
cells may fire only once in every 15–20 cycles of the population
activity (Brunel and Wang, 2003). Synchronization of strongly
interconnected groups of neurons that fire with millisecond pre-
cision may emerge in neuronal networks (Anderson et al., 2010).
It can be assumed that with increasing intensity of the TMS
pulse the duration of the induced neuronal activity increases,
and that this goes along with an increasing number of recruited
I-waves.
The model of I wave generation based on the canonical micro-
circuit model of neocortex proposes a circuit for the I1 wave
generation represented by the monosynaptic excitatory connec-
tions between P2 and P3 cells and P5 cells and a network
for the late I-waves that includes the same cortical elements
together with their connections with local GABAAergic interneu-
rons (Figure 1). This model can explain the fixed periodicity of
the later I-waves and the close relationship between stimulus
intensity and I-wave number.
Interestingly, the I-wave activity recorded after TMS resem-
bles closely the 600Hz EEG components recorded from the scalp
in humans (Curio et al., 1994) and directly from cerebral cor-
tex in monkeys (Baker et al., 2003) after electrical stimulation
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FIGURE 1 | A schematic view of the model of corticospinal volley
generation based on canonical cortical circuit proposed by Douglas
et al. (1989). This model includes the superficial population of excitatory
pyramidal neurons of layers II and III (P2-P3), the large pyramidal tract
neurons in layer V (P5), and the inhibitory GABA cells [modified from
Figure 1.14 in “The Synaptic Organization of the Brain” (Shepherd, 2004)].
Electrical anodal stimulation activates the axons of P5 cells evoking a D
wave. Magnetic stimulation with a latero-medial (LM) induced current in
the brain produces a direct activation of the axons of corticospinal cells
evoking the D wave followed by an I1 wave produced by monosynaptic
activation of P5 cells by the axons of superficial pyramidal neurons, at high
intensities it also produces a recurrent activity in the circuit composed of
the layer II and III and layer V pyramidal neurons together with their
connections with local GABAergic interneurons (red ellipse and arrows)
evoking late I-waves. Magnetic stimulation with a posterior-anterior (PA)
induced current in the brain evokes the I1 wave and, at higher intensities,
late I-waves. Magnetic stimulation with an anterior-posterior (AP) induced
current in the brain recruits small and delayed descending volleys with
slightly different peak latencies and longer duration than those seen after
posterior to anterior magnetic stimulation. It is proposed that this more
dispersed descending activity is produced by a more complex circuit
(green dotted ellipse and arrows) that might include cortico-cortical fibers
originating from the premotor cortex and projecting upon the motor cortex
circuits generating the I-waves.
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of peripheral nerves. Thus, it appears that high frequency dis-
charge at around 600Hz is a stereotyped response of pyramidal
neurons in response either to cortical or to peripheral nerve
stimulation.
The changes observed in I wave number and magnitude after
manipulation of cortical excitability might also be explained by
this model. According to the proposed model, the GABAAergic
interneurons are involved only in the control of the late I-
waves but not the I1 wave. This is in agreement with the
changes observed in I waves after pharmacological enhance-
ment of inhibitory GABAAergic activity through benzodiazepine
administration. Lorazepam results in a pronounced suppression
of the late I-waves while there is no change in the I1 wave (Di
Lazzaro et al., 2000). This could be explained by an increase
in IPSP amplitude in the P5 cells that prevents or limits the
re-activation of P5 cells through the P5—P2/3 microcircuit. On
the other hand, an increase of P5 cell excitability would result
in an increase in the number and magnitude of late I-waves. It
has been shown that maximum voluntary contraction can sub-
stantially increase the amplitude of all I waves including the I1
wave (Di Lazzaro et al., 1998b). The increase in size of the I1
wave suggests a direct increase in excitability of PTNs. The large
effect on the size of the descending corticospinal waves is not
paralleled by a comparable effect on the threshold for evoking
recognizable descending activity after TMS (Di Lazzaro et al.,
1998b). This suggests that the neural elements activated by PA
TMS have a relatively constant threshold. The likely explanation
for this dissociation is that magnetic stimulation activates axons
projecting upon PTNs at some distance from the PTN cell body
so that the threshold is unaffected by synaptic activity. According
to the canonical microcircuit model the activated axons belong
to the superficial P2 and P3 cells. At higher TMS intensities an
earlier wave of small amplitude appears. This wave has the same
latency as the D-wave evoked by anodal TES at threshold, and
as for the TES evoked D-wave, it is proposed to be generated by
direct excitation of P5 axons. The D-wave can be evoked even at
low stimulus intensity by changing the direction of the induced
current in the brain to LM orientation (Di Lazzaro et al., 1998a)
(Figure 1).
Changing the parameters of the stimulus may lead to a more
complex output of M1. When reversing the direction of the
induced current in the brain from the usual PA direction to AP,
smaller descending volleys are evoked with slightly different peak
latencies and/or longer duration than those seen after PA stimula-
tion (Figure 1) (Di Lazzaro et al., 2001). The peak latencies of the
I-waves evoked by AP stimulation are delayed by 0.2–0.7ms when
compared with those evoked by AP stimulation. These smaller
and delayed late I-waves are similar to those recorded in mon-
keys elicited by ventral premotor cortex stimulation (Shimazu
et al., 2004). These authors showed that stimulation of the ven-
tral premotor cortex evokes smaller and later I-waves than those
evoked by M1 stimulation and suggested that this activity may
be mediated by cortico-cortical inputs to M1 impinging onto
M1 interneurons generating late I-waves (Shimazu et al., 2004).
A similar mechanism might explain the more dispersed and
delayed I-wave activity evoked by AP magnetic stimulation in
humans.
NON-FOCAL STIMULATION OF THE BRAIN (CIRCULAR COIL)
In anaesthetized human subjects, Burke and co-workers (1993)
showed that, using a circular coil centred over the vertex and
recording from the spinal cord, the D wave is the component with
lowest threshold. Slightly different results were obtained in con-
scious subjects (Di Lazzaro et al., 2002b). The earliest wave evoked
by a circular coil centred over the vertex had a latency that was
∼0.2ms longer than the D-wave elicited by anodal TES or LM
magnetic stimulation. Either this wave or a wave corresponding
to the I1 wave evoked by PA magnetic stimulation was the lowest
threshold volley evoked by a circular coil in different individu-
als. At suprathreshold intensities later waves could be recruited:
in some cases, these waves had latencies that were outside the
periodicity of I-waves evoked by PA magnetic stimulation. A
maximum voluntary contraction increased the amplitude of all
descending volleys including the earliest (D) wave. These data
show that there are major differences between non-focal stimula-
tion of the M1 hand area with a circular coil and focal stimulation
with a figure-of-eight coil. Non-focal stimulation is more likely to
evoke a D wave than PA focal stimulation. Moreover, this early
(D) volley recruited by non-focal stimulation is facilitated by vol-
untary contraction. Together with the slightly longer latency this
suggests that it is initiated closer to the cell body of the PTNs than
the conventional D wave evoked by anodal TES or LM magnetic
stimulation, perhaps at the axon hillock rather than at some dis-
tance down the axon. Such a proximal D-wave is also evoked by
focal TMS using a biphasic current waveform (Di Lazzaro et al.,
2002b).
CORTICAL NETWORKS ACTIVATED BY PAIRED PULSE TMS
A variety of different methods have been introduced to explore
the connections within M1, or the connections to M1 from other
regions of the central nervous system. Different paired-pulse
TMS protocols employ a conditioning stimulus either above or
below MEP threshold intensity, at various interstimulus inter-
vals (ISIs) to the test stimulus, and delivered either through the
same stimulating coil for exploration of circuitry within M1,
or through another stimulating coil for exploration of cortico-
cortical connections to M1 [for review, (Ziemann and Hallett,
2007)]. Furthermore, other protocols employ an electrical con-
ditioning stimulus applied to a peripheral nerve.
A subthreshold magnetic conditioning stimulus given through
the same coil as the test stimulus can suppress a MEP evoked by
a later suprathreshold test stimulus if the ISI between the stimuli
is 5ms or less: this phenomenon has been termed short-interval
intracortical inhibition (SICI) (Kujirai et al., 1993). On the other
hand, with ISIs from 10 to 25ms, MEP facilitation is observed:
this is known as intracortical facilitation (ICF) (Kujirai et al.,
1993; Ziemann et al., 1996b).
Direct epidural recordings of the descending corticospinal
volleys demonstrated the cortical origin of SICI (Di Lazzaro
et al., 1998c). A subthreshold conditioning stimulus that alone
does not evoke descending corticospinal activity produced sig-
nificant suppression of late I-waves if the ISI to the subsequent
suprathreshold test stimulus was between 1 and 5ms. In contrast,
the I1 wave was virtually unaffected in the SICI protocol. Kujirai
and colleagues (1993) originally suggested that SICI represents
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GABAAergic inhibition, and supportive evidence was provided
for this contention by pharmacological experiments that showed
an increase in SICI by lorazepam, a positive allosteric modu-
lator at the GABAAR (Ziemann et al., 1996a). This hypothesis
was further supported by the observation that administration of
lorazepam increases the inhibition of the late I-waves but not the
I1 wave in the SICI protocol (Di Lazzaro et al., 2000). Because
conditioning stimulation that is subthreshold for the activation
of PTNs produces SICI, this from of inhibition probably orig-
inates pre-synaptically to these cells. Since the I1 wave remains
unaffected, it is unlikely that the subthreshold conditioning stim-
ulus modifies the response of the PTNs to the excitatory inputs
but enhances selectively GABAAergic neurotransmission leading
to suppression of the late I-waves according to the canonical
microcircuit model. This is consistent with TMS experiments that
indicated that the SICI circuitry has a lower excitation threshold
than the excitatory circuits in M1 (Kujirai et al., 1993; Ziemann
et al., 1996b; Ilic et al., 2002). It should be considered that
the functional characteristics of the inhibitory networks have a
pronounced tendency to synchronize through axonal intercon-
nections between GABAAergic cells, a property that increases
their efficiency over excitatory networks (Hasenstaub et al., 2005).
Thus, it can be speculated that subthreshold depolarization of
the superficial pyramidal cell axons produces a short-term facil-
itation of GABAAergic neurotransmission that is expressed as
significant late I-wave suppression in response to the test stimulus
(Figure 2).
The mechanisms of ICF elicited by paired pulse stimulation
at ISIs of 10–25ms are more complex and less well understood.
Epidural recordings showed that there was no significant change
in the amplitude or number of descending corticospinal waves
in the ICF protocol in the presence of a significant MEP facil-
itation (Di Lazzaro et al., 2006; Ni et al., 2011). One possible
explanation for this dissociation is that ICF results from the
FIGURE 2 | Epidural volleys evoked by test magnetic stimulus alone
(solid traces) and by test magnetic stimulus preceded by a
subthreshold conditioning stimulus at 3ms interstimulus interval
(Short Interval Intracortical inhibition dotted trace) or by test
magnetic stimulus preceded by a peripheral nerve stimulation to the
median nerve at the wrist (Short Latency Afferent Inhibition dotted
trace). Each trace is the average of 10 sweeps. The test stimulus
activates the axons of pyramidal neurons of layers II and II (P2 and P3)
that in turn activate pyramidal neurons of layer V (P5) and the GABA
cells projecting upon the layer V pyramidal cells evoking multiple
descending waves. In the short interval intracortical inhibition protocol a
clear suppression of the late corticospinal volley is evident when test
magnetic stimulus is preceded by the conditioning subthreshold stimulus.
It is proposed that the conditioning stimulus enhances selectively the
excitability of the GABAergic connections with a suppression of the late I
waves. In SAI protocol clear suppression of the latest corticospinal volley
is evident when test magnetic stimulus is preceded by the peripheral
nerve conditioning stimulus. It is proposed that the peripheral nerve
stimulation enhances the excitability of the GABAergic cells through the
activation of thalamocortical projections.
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recruitment of circuits separate from those involved in I-wave
generation (Di Lazzaro et al., 2006): according to the canon-
ical microcircuit model these could be the same circuits that
are being activated by AP magnetic stimulation. These circuits
might be long-range connections (e.g., from ventral premotor
cortex) that might not be activated by single pulse PA stimula-
tion butmight be recruited by paired pulse stimulation. However,
since the additionally evoked activity is more dispersed, it may
not be evident in the epidural records in the presence of clear I
waves. The activation of long-range connections originating from
remote areas is also suggested by the strong dependence of ICF
upon the direction of the conditioning current in the brain, a
phenomenon not observed for SICI (Ziemann et al., 1996b). The
reason why ICF occurs at a specific range of ISIs of 10–25ms is
still unclear.
Different paired cortical stimulation protocols use
suprathreshold conditioning stimulation. These protocols
may either result in facilitation or inhibition of the MEP and
the descending corticospinal volley depending on the ISI. The
facilitation observed at short ISIs is referred as short interval
intracortical facilitation (SICF) (Tokimura et al., 1996; Ziemann
et al., 1998). If two stimuli are given at an intensity at or slightly
above active MEP threshold, then MEP facilitation can be
observed at discrete ISIs of around 1.5, 3.0, and 4.5ms, corre-
sponding to the intervals between the I1 wave and the following
I-waves. According to the canonical microcircuit model, this
facilitatory interaction between the two pulses might be produced
because the peaks of the I-waves evoked by the two stimuli are
in phase and the input related to the second stimulus arrives
during epochs of increased firing probability following the first
stimulus. Moreover, the combined effect of the two stimuli in
producing recurrent excitatory activity, when the peaks of the
I-waves are in phase, might reinforce the synchronization of cor-
tical networks prolonging their activity and evoking additional
I-waves. Epidural recordings of the descending corticospinal
volleys from the spinal cord demonstrated the interaction on
individual I-waves very clearly (Di Lazzaro et al., 1999c). An
interaction resembling that observed using the SICF protocol has
also been reported in cortical cell cultures. The effects produced
by stimuli phase-locked to the ongoing rhythmic activity in
the network are phase specific: stimuli applied at the peak of
the rhythmic activity have a facilitatory effect while stimuli
applied at the trough produce inhibitory effects (Stegenga et al.,
2010).
A suprathreshold conditioning stimulus suppresses a MEP to
a later suprathreshold stimulus if the ISI is 100ms or longer, this
phenomenon has been termed long-interval intracortical inhibi-
tion (LICI) (Valls-Sole et al., 1992). The recording of corticospinal
volleys in this paired-pulse paradigm showed that later I waves
are reduced at ISIs of 100ms, but the I1 wave remains unaffected
(Nakamura et al., 1997; Chen et al., 1999; Di Lazzaro et al., 2002a).
Because of its duration, it is believed that LICI is mediated by slow
IPSPs mediated by the GABAB receptor (Douglas and Martin,
1991). This received direct support by the finding that baclofen, a
specific GABAB receptor agonist, increases the magnitude of LICI
(McDonnell et al., 2006). In analogy with SICI, the inhibition
observed at 100ms ISI originates from a selective suppression of
the recurrent activity producing later I-waves with no effect on
the I1 wave that, accordingly to the canonical circuit model, orig-
inates from monosynaptic excitatory connections not modulated
by GABAergic connections.
A short latency afferent inhibition (SAI) of MEPs in hand
muscles is produced by conditioning the cortical magnetic stim-
ulus with electrical stimulation of sensory peripheral nerves of
the hand (Tokimura et al., 2000). This phenomenon of SAI
requires a minimum ISI that is about 1ms longer than the latency
of the N20 component of the somatosensory evoked poten-
tial, and can be obtained over a range of ISIs of N20 + 7–8ms.
Epidural recordings have demonstrated the intracortical ori-
gin of SAI (Tokimura et al., 2000). As with other forms of
paired-pulse inhibition, the late I-waves are suppressed, whilst
the I1 wave is unaffected. According to the canonical micro-
circuit model, SAI might be produced by excitatory thalamic
inputs to GABAAergic cells projecting upon corticospinal cells.
Thus, the enhancement of the excitability of these inhibitory
interneurons can explain the selective suppression of late I-waves
(Figure 2).
CONCLUSION
By incorporating the known physiology of the corticospinal
multiple discharge evoked by single or paired TMS into the
anatomical and computational characteristics of the canoni-
cal microcircuit model of neocortex, composed of layer II and
III and layer V excitatory pyramidal cells, inhibitory interneu-
rons, and cortico-cortical and thalamo-cortical inputs, the main
characteristics of the D- and I-waves, including their regular
and rhythmic nature, their stimulus intensity-dependence and
their pharmacological modulation can be elegantly and sparsely
explained. A TMS-induced strong depolarization of the super-
ficial excitatory cells of the canonical microcircuit may lead
to the recruitment of fully synchronized clusters of excitatory
neurons, including layer V PTNs, and inhibitory neurons pro-
ducing a high frequency (∼670Hz) repetitive discharge of the
corticospinal axons. The role of the inhibitory circuits is cru-
cial to entrain and control the firing of the excitatory net-
works to produce a high frequency discharge (Douglas et al.,
1989).
It should be considered, however, that the attempt to explain
the physiological basis of TMS using the canonical cortical
circuit has several major limitations because the model used
in this study is extremely simplistic. It should be considered
that the canonical circuit we adopted is composed of a min-
imum of elements and connections and thus it can capture
only the essence of the function of cerebral cortex. The inter-
action between TMS and cerebral cortex is much more com-
plex in that there is a great number of classes of cortical
neurons and connections that can be activated by TMS but
were not considered in the present paper. Moreover, this sim-
ple model cannot easily been used to explain the interaction
between TMS and cortical circuits in pathological conditions
characterized by structural or functional changes in cerebral
cortex.
Frontiers in Neural Circuits www.frontiersin.org February 2013 | Volume 7 | Article 18 | 7
Di Lazzaro and Ziemann TMS for testing cortical microcircuits
REFERENCES
Adrian, E. D., and Moruzzi, G. (1939).
Impulses in the pyramidal tract.
J. Physiol. 97, 153–199.
Amassian, V. E., Stewart, M., Quirk,
G. J., and Rosenthal, J. L. (1987).
Physiological basis of motor effects
of a transient stimulus to cerebral
cortex. Neurosurgery 20, 74–93.
Anderson, C. T., Sheets, P. L., Kiritani,
T., and Shepherd, G. M. (2010).
Sublayer-specific microcircuits of
corticospinal and corticostriatal
neurons in motor cortex. Nat.
Neurosci. 13, 739–744.
Baker, S. N., Curio, G., and Lemon,
R. N. (2003). EEG oscillations at
600Hz are macroscopic markers for
cortical spike bursts. J. Physiol. 550,
529–534.
Barker, A. T., Jalinous, R., and Freeston,
I. L. (1985). Non-invasive magnetic
stimulation of human motor cortex.
Lancet 1, 1106–1107.
Berardelli, A., Inghilleri, M., Cruccu,
G., and Manfredi, M. (1990).
Descending volley after electrical
and magnetic transcranial stimu-
lation in man. Neurosci. Lett. 112,
54–58.
Boyd, S. G., Rothwell, J. C., Cowan,
J. M., Webb, P. J., Morley, T.,
Asselman, P., et al. (1986). A
method of monitoring function
in corticospinal pathways dur-
ing scoliosis surgery with a note
on motor conduction velocities.
J. Neurol. Neurosurg. Psychiatr. 49,
251–257.
Brunel, N., and Wang, X. J. (2003).
What determines the frequency
of fast network oscillations with
irregular neural discharges? I.
Synaptic dynamics and excitation-
inhibition balance. J. Neurophysiol.
90, 415–430.
Burke, D., Hicks, R., Gandevia, S.
C., Stephen, J., Woodforth, I.,
and Crawford, M. (1993). Direct
comparison of corticospinal volleys
in human subjects to transcranial
magnetic and electrical stimu-
lation. J. Physiol. (Lond.) 470,
383–393.
Chen, R., Lozano, A. M., and Ashby,
P. (1999). Mechanism of the silent
period following transcranial mag-
netic stimulation. Evidence from
epidural recordings. Exp. Brain Res.
128, 539–542.
Creutzfeldt, O. D., Lux, H. D.,
and Nacimiento, A. C. (1964).
Intracelluläre Reizung corticaler
Nervenzellen. Pflügers Arch. 281,
129–151.
Curio, G., Mackert, B. M., Burghoff,
M., Koetitz, R., Abraham-Fuchs, K.,
and Härer, W. (1994). Localization
of evoked neuromagnetic 600Hz
activity in the cerebral somatosen-
sory system. Electroencephalogr.
Clin. Neurophysiol. 91, 483–487.
Day, B. L., Dressler, D., Maertens De
Noordhout, A., Marsden, C. D.,
Nakashima, K., Rothwell, J. C., et al.
(1989). Electric and magnetic stim-
ulation of human motor cortex: sur-
face EMG and single motor unit
responses. J. Physiol. (Lond.) 412,
449–473.
Di Lazzaro, V., Oliviero, A., Mazzone,
P., Pilato, F., Saturno, E., Insola, A.,
et al. (2002a). Direct demonstration
of long latency cortico-cortical inhi-
bition in normal subjects and in a
patient with vascular parkinsonism.
Clin. Neurophysiol. 113, 1673–1679.
Di Lazzaro, V., Oliviero, A., Pilato, F.,
Saturno, E., Insola, A., Mazzone, P.,
et al. (2002b). Descending volleys
evoked by transcranial magnetic
stimulation of the brain in con-
scious humans: effects of coil shape.
Clin. Neurophysiol. 113, 114–119.
Di Lazzaro, V., Oliviero, A., Meglio, M.,
Cioni, B., Tamburrini, G., Tonali,
P., et al. (2000). Direct demon-
stration of the effect of lorazepam
on the excitability of the human
motor cortex. Clin. Neurophysiol.
111, 794–799.
Di Lazzaro, V., Oliviero, A., Profice,
P., Insola, A., Mazzone, P., Tonali,
P., et al. (1999a). Direct demon-
stration of interhemispheric inhi-
bition of the human motor cortex
produced by transcranial magnetic
stimulation. Exp. Brain Res. 124,
520–524.
Di Lazzaro, V., Oliviero, A., Profice, P.,
Insola, A., Mazzone, P., Tonali, P.,
et al. (1999b). Effects of voluntary
contraction on descending volleys
evoked by transcranial electrical
stimulation over the motor cortex
hand area in conscious humans.
Exp. Brain Res. 124, 525–528.
Di Lazzaro, V., Rothwell, J. C., Oliviero,
A., Profice, P., Insola, A., Mazzone,
P., et al. (1999c). Intracortical ori-
gin of the short latency facilita-
tion produced by pairs of threshold
magnetic stimuli applied to human
motor cortex. Exp. Brain Res. 129,
494–499.
Di Lazzaro, V., Oliviero, A., Profice,
P., Saturno, E., Pilato, F., Insola,
A., et al. (1998a). Comparison
of descending volleys evoked by
transcranial magnetic and elec-
tric stimulation in conscious
humans. Electroencephalogr. Clin.
Neurophysiol. 109, 397–401.
Di Lazzaro, V., Restuccia, D., Oliviero,
A., Profice, P., Ferrara, L., Insola, A.,
et al. (1998b). Effects of voluntary
contraction on descending volleys
evoked by transcranial stimulation
in conscious humans. J. Physiol.
508(Pt 2), 625–633.
Di Lazzaro, V., Restuccia, D., Oliviero,
A., Profice, P., Ferrara, L., Insola,
A., et al. (1998c). Magnetic tran-
scranial stimulation at intensities
below active motor threshold
activates intracortical inhibitory
circuits. Exp. Brain Res. 119,
265–268.
Di Lazzaro, V., Oliviero, A., Saturno,
E., Pilato, F., Insola, A., Mazzone,
P., et al. (2001). The effect on cor-
ticospinal volleys of reversing the
direction of current induced in the
motor cortex by transcranial mag-
netic stimulation. Exp. Brain Res.
138, 268–273.
Di Lazzaro, V., Pilato, F., Oliviero, A.,
Dileone, M., Saturno, E., Mazzone,
P., et al. (2006). Origin of facilitation
of motor-evoked potentials after
paired magnetic stimulation: direct
recording of epidural activity in
conscious humans. J. Neurophysiol.
96, 1765–1771.
Di Lazzaro, V., Profice, P., Pilato,
F., Dileone, M., Oliviero, A., and
Ziemann, U. (2010). The effects
of motor cortex rTMS on corti-
cospinal descending activity. Clin.
Neurophysiol. 121, 464–473.
Di Lazzaro, V., Profice, P., Ranieri, F.,
Capone, F., Dileone, M., Oliviero,
A., et al. (2012). I-wave origin
and modulation. Brain Stimul. 5,
512–525.
Di Lazzaro, V., Ziemann, U., and
Lemon, R. N. (2008). State of
the art: physiology of transcra-
nial motor cortex stimulation. Brain
Stimul. 1, 345–362.
Douglas, R. J., and Martin, K. A.
(1991). A functional microcircuit
for cat visual cortex. J. Physiol. 440,
735–769.
Douglas, R. J., Martin, K. A. C., and
Whitteridge, D. (1989). A canonical
microcircuit for neocortex. Neural
Comp. 1, 480–488.
Esser, S. K., Hill, S. L., and Tononi, G.
(2005). Modeling the effects of tran-
scranial magnetic stimulation on
cortical circuits. J. Neurophysiol. 94,
622–639.
Hasenstaub, A., Shu, Y., Haider,
B., Kraushaar, U., Duque, A.,
and McCormick, D. A. (2005).
Inhibitory postsynaptic potentials
carry synchronized frequency infor-
mation in active cortical networks.
Neuron 47, 423–435.
Ilic, T. V., Meintzschel, F., Cleff,
U., Ruge, D., Kessler, K. R., and
Ziemann, U. (2002). Short-interval
paired-pulse inhibition and facili-
tation of human motor cortex: the
dimension of stimulus intensity.
J. Physiol. 545(Pt 1), 153–167.
Ilmoniemi, R. J., Virtanen, J.,
Ruohonen, J., Karhu, J., Aronen,
H. J., Naatanen, R., et al. (1997).
Neuronal responses to magnetic
stimulation reveal cortical reactivity
and connectivity. Neuroreport 8,
3537–3540.
Kaneko, K., Kawai, S., Fuchigami,
Y., Morita, H., and Ofuji, A.
(1996). The effect of current
direction induced by transcranial
magnetic stimulation on the cor-
ticospinal excitability in human
brain. Electroencephalogr. Clin.
Neurophysiol. 101, 478–482.
Kernell, D., and Chien-Ping, W. U.
(1967). Responses of the pyramidal
tract to stimulation of the baboon’s
motor cortex. J. Physiol. (Lond.) 191,
653–672.
Kujirai, T., Caramia, M. D., Rothwell,
J. C., Day, B. L., Thompson, P.
D., Ferbert, A., et al. (1993).
Corticocortical inhibition in human
motor cortex. J. Physiol. 471,
501–519.
McDonnell, M. N., Orekhov, Y., and
Ziemann, U. (2006). The role
of GABA(B) receptors in intra-
cortical inhibition in the human
motor cortex. Exp. Brain Res. 173,
86–93.
Merton, P. A., and Morton, H. B.
(1980). Stimulation of the cerebral
cortex in the intact human subject.
Nature 285, 227.
Nakamura, H., Kitagawa, H.,
Kawaguchi, Y., and Tsuji, H.
(1996). Direct and indirect acti-
vation of human corticospinal
neurons by transcranial magnetic
and electrical stimulation. Neurosci.
Lett. 210, 45–48.
Nakamura, H., Kitagawa, H.,
Kawaguchi, Y., and Tsuji, H.
(1997). Intracortical facilitation
and inhibition after transcranial
magnetic stimulation in conscious
humans. J. Physiol. (Lond.) 498,
817–823.
Ni, Z., Gunraj, C., Wagle-Shukla, A.,
Udupa, K., Mazzella, F., Lozano, A.
M., et al. (2011). Direct demon-
stration of inhibitory interactions
between long interval intracortical
inhibition and short interval intra-
cortical inhibition. J. Physiol. 589,
2955–2962.
Patton, H. D., and Amassian, V. E.
(1954). Single- and multiple-unit
analysis of cortical stage of pyrami-
dal tract activation. J. Neurophysiol.
17, 345–363.
Phillips, C. G. (1987). “Epicortical elec-
trical mapping of motor areas in
primates,” in Motor Areas of the
Cerebral Cortex, eds G. Bock, M.
O’Connor, and J. Marsh (London:
John Wiley), 5–20.
Frontiers in Neural Circuits www.frontiersin.org February 2013 | Volume 7 | Article 18 | 8
Di Lazzaro and Ziemann TMS for testing cortical microcircuits
Sakai, K., Ugawa, Y., Terao, Y.,
Hanajima, R., Furabayashi, T., and
Kanazawa, I. (1997). Preferential
activation of different I waves by
transcranial magnetic stimulation
with a figure-of -eight shaped coil.
Exp. Brain Res. 113, 24–32.
Shepherd, G. M. (1998). The Synaptic
Organization of the Brain. Oxford:
Oxford University Press.
Shepherd, G. M. (2004). The Synaptic
Organization of the Brain. Oxford:
Oxford University Press.
Shimazu, H., Maier, M. A., Cerri, G.,
Kirkwood, P. A., and Lemon, R. N.
(2004). Macaque ventral premotor
cortex exerts powerful facilitation
of motor cortex outputs to upper
limb motoneurons. J. Neurosci. 24,
1200–1211.
Stegenga, J., Le Feber, J., Marani, E.,
and Rutten, W. L. (2010). Phase-
dependent effects of stimuli locked
to oscillatory activity in cultured
cortical networks. Biophys. J. 98,
2452–2458.
Thompson, P. D., Day, B. L., Rothwell,
J. C., Dressler, D., Maertens De
Noordhout, A., and Marsden, C.
D. (1991). Further observations on
the facilitation of muscle responses
to cortical stimulation by volun-
tary contraction. Electroencephalogr.
Clin. Neurophysiol. 81, 397–402.
Tokimura, H., Di Lazzaro, V.,
Tokimura, Y., Oliviero, A., Profice,
P., Insola, A., et al. (2000). Short
latency inhibition of human hand
motor cortex by somatosensory
input from the hand. J. Physiol. 523,
503–513.
Tokimura, H., Ridding, M. C.,
Tokimura, Y., Amassian, V. E.,
and Rothwell, J. C. (1996). Short
latency facilitation between pairs
of threshold magnetic stimuli
applied to human motor cor-
tex. Electroencephalogr. Clin.
Neurophysiol. 101, 263–272.
Valls-Sole, J., Pascual-Leone, A.,
Wassermann, E. M., and
Hallett, M. (1992). Human
motor evoked responses to
paired transcranial magnetic
stimuli. Electroencephalogr. Clin.
Neurophysiol. 85, 355–364.
Ziemann, U., and Hallett, M. (2007).
“Basic neurophysiological stud-
ies with transcranial magnetic
stimulation,” in Transcranial
Magnetic Stimulation in Clinical
Psychiatry, eds M. S. George and
R. H. Belmaker (Washington, DC:
American Psychiatric Publishing,
Inc), 59–84.
Ziemann, U., Lonnecker, S., Steinhoff,
B. J., and Paulus, W. (1996a). The
effect of lorazepam on the motor
cortical excitability in man. Exp.
Brain Res. 109, 127–135.
Ziemann, U., Rothwell, J. C., and
Ridding, M. C. (1996b). Interaction
between intracortical inhibition and
facilitation in human motor cortex.
J. Physiol. 496(Pt 3), 873–881.
Ziemann, U., and Rothwell, J. C.
(2000). I-waves in motor cortex.
J. Clin. Neurophysiol. 17, 397–405.
Ziemann, U., Tergau, F., Wassermann,
E. M., Wischer, S., Hildebrandt,
J., and Paulus, W. (1998).
Demonstration of facilitatory
I-wave interaction in the human
motor cortex by paired transcranial
magnetic stimulation. J. Physiol.
(Lond.) 511, 181–190.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 01 November 2012; accepted:
28 January 2013; published online: 13
February 2013.
Citation: Di Lazzaro V and Ziemann U
(2013) The contribution of transcranial
magnetic stimulation in the functional
evaluation of microcircuits in human
motor cortex. Front. Neural Circuits
7:18. doi: 10.3389/fncir.2013.00018
Copyright © 2013 Di Lazzaro and
Ziemann. This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.
Frontiers in Neural Circuits www.frontiersin.org February 2013 | Volume 7 | Article 18 | 9
